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INTRODUCTION 
The IC industry has improved process yield and device reliability considerably over 
the last few years. Much of the improvement is the result of continuing reduction in the 
defect density on IC wafers, a result made possible in part through the use of suitable defect 
detection and wafer inspection systems. These systems, however, are useful only for 
surface or visible defects. 
A second major category of defects that is, as yet, largely unaddressed is that of 
nonvisible and subsurface defects. Examples of these defects are: (i) microstructural 
defects in silicon such as precipitates, dislocations and stacking faults, defects that can 
seriously degrade device performance through emitter-collector shorts, junction leakage and 
carrier lifetime reduction; and (ii) process-induced voids, notches and microcracks in metal 
lines, defects which can lead to serious reliability problems with VLSI devices. These 
nonvisible silicon and metal defects can degrade device yield in both a continuing yield loss 
manner and with periodic production-halting crashes. Of perhaps greater economic 
consequence, however, is the damage to end user systems resulting from failures in the 
field. The cost of such failures in the field to the IC manufacturer often far exceeds the cost 
of the failed components themselves. 
We have recently developed an inspection system to provide the needed real-time 
nondestructive inspection capability to address the critical issue of subsurface silicon and 
metal defects. 
IMAGING SYSTEM 
The imaging system used in these experiments is a thermal wave modulated 
reflectance/deflection instrument similar to the one we developed for ion implant process 
control [1-4]. In this imaging system the sample is rapidly scanned in an x-y raster beneath 
the stationery pump and probe laser beams in 0.4jlm steps. The beam spot sizes are less 
than lj.!m and images of 100 x lOOjlm areas can be obtained in about 100 sec. Four 
different types of images can be obtained with this system. Conventional scanning laser 
microscope (i.e., optical) images can be obtained at the 633nm and the 488nm wavelengths 
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of the probe and pump lasers respectively. In addition we can obtain both modulated 
reflection [2] and modulated deflection [1] thermal wave images. These 512 x 512 pixel 
images can be stored in the system computer, displayed on a high resolution color monitor 
and printed out on a video printer. 
SILICON DEFECTS 
Metal precipitates, dislocations and stacking faults are all detectable with this imaging 
system when operated in a modulated reflectance mode [5]. In this mode the signal is pri-
marily determined by the local pump-generated plasma waves [3], and the defects become 
visible through the presence of a locally enhanced electron-hole plasma density due to the 
reduced plasma diffusitivity and carrier recombination lifetime in the vicinity of the silicon 
defects. This is illustrated in Figure 1. Figure l(a) shows an optical image of a 
100 x lOOJ.!m region of a silicon wafer which shows only two curved fiducial marks. 
Figure 1 (b) is the modulated reflectance image of this same region where we note the ap-
pearance of two bright features between the fiducial marks. These two features of increased 
signal strength tail toward each other. The sample was then subjected to oxide strip etch 
and then a Wright decorative etch to make the defect optically visible. Figure I (c) is the 
optical image of the same region after the etching process and shows a 40J.!m long stacking 
fault in the same location as the bright features seen in the thermal wave image. The bright 
features in the thermal wave image of Figure 1(b) result from the enhanced plasma density 
in the vicinity of the Frank partial dislocation bounding the stacking fault. This bounding 
dislocation starts at the silicon-oxide interface, tails down along the <111> oxide plane 
beneath the silicon surface to a depth of about 15J.!m and then comes back up to the surface 
some 40J.!m away. In Figure 1 (b) only the two ends of the bounding dislocation within 
5jlm of the surface are seen in the thermal wave image since this is the effective penetration 
depth of the plasma waves generated at 1MHz with our sub-micron focused pump beam. 
Fig. 1. 
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(a) (b) (c) 
(a) An optical image of a 100 x 100J.!m region of Si with curved fiducial marks; 
(b) A thermal wave image of the same region showing the near surface ends of 
the dislocation bounding a 40J.!m stacking fault; (c) An optical image of the 
stacking fault after oxide stripping and decorative etching. 
Unlike decorative etching, this highly sensitive thermal wave technique is 
nondestructive and thus can be used for rapid inspection of product wafers. We illustrate 
this application in Figure 2. In Figure 2(a) we show an optical image of a 100 x lOOJ..i.rn 
region of an IC trench-isolated device. Since this wafer has not been subjected to decorative 
etch no silicon defects are optically visible, although electrical tests have indicated poor 
device performance. The thermal wave image, Figure 2(b) clearly shows that this poor 
electrical performance is the result of the presence of a large number of dislocations 
emanating from the side walls of the isolation trenches. 
The IC manufacturer can thus use this thermal wave imaging system to detect the 
onset of an unacceptable density of silicon defects at any stage during his manufacturing 
cycle in a rapid and nondestructive fashion. By early detection of a defect producing 
situation he will be able to correct the processing problem in a timely fashion and thereby 
maintain his yield. 
METAL DEFECTS 
Reliability of increasingly complex metalization systems is an important subject for 
VLSI and ULSI progress. It is presently understood that stress-induced aluminum 
migration, in addition to electromigration must be better understood and controlled in future 
metalization systems [6] . Driven by thermal expansion mismatch between Aland adjoining 
materials (Si, Si02, etc.), the Al films are cycled between states of high tensile and high 
compressive stress during subsequent processing steps and to a lesser degree during actual 
device operation. Aluminum atoms migrate away from regions of high stress, leaving 
behind vacancies, and coalescence of these vacancies generates microvoids and microcracks 
within the Allines. Eventually lines may be restricted or opened by these growing voids 
and cracks leading to high resistance and device failure. 
A limitation to the understanding and control of these metal defects has been the lack 
of suitable tools with which one can rapidly detect these voids and cracks. Optical 
inspection is frequently unproductive on narrow Allines because of surface roughness and 
(a) (b) 
Fig. 2. (a) An optical image of a 100 x lOOJ..i.m region of a VLSI bipolar, trench-isolated 
device. No silicon defects are visible; (b) A thermal wave image of the same 
region showing many side-wall dislocation defects emanating from the isolation 
trenches. 
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cannot be used at all to detect voids within the interior of lines or for lines situated beneath 
other optically opaque materials. The usual method of study requires stripping away all 
upper layers and then examining the stripped sample in an SEM. The drawbacks of this 
routine are that stripping is destructive, can introduce etch-related artifacts, and the entire 
procedure is slow and operator-intensive. 
The thermal wave imaging system can detect metal voids and microcracks even 
beneath several microns of opaque materials when operated in either a modulated reflectance 
or modulated deflection mode. In this application the signal is determined by the local pump-
generated thermal waves interacting with local inhomogeneities in thermal conductivity from 
the presence of microvoids and microcracks. 
This capability is illustrated in Figure 3. Figure 3(a) is an optical image of a set of 
patterned metalization lines of different width, the narrowest being 1.8J..Lm wide. The 
patterned lines are composed of 2J..Lm of passivation materials, a cap metal layer of several 
thousand Angstroms, an Al(Si) layer of about lf..Lm thickness and a barrier metal layer, all 
on a blanket Si02 layer over the Si substrate. In this optical image no defects are visible. 
Figure 3(b) is the thermal wave image of this same region. As will be proved below with 
SEM comparison, the bright spots evident in this image are the subsurface voids and 
notches in the Al (Si) material. These voids are invisible in Figure 3(a) since the cap metal 
is optically opaque. 
The sample was then subjected to thermal stressing at 250°C for 12 hours. Figure 
3( c) is the thermal wave image of the same region obtained after the thermal stressing cycle. 
We note that most of the small edge voids have disappeared and that the large voids have 
grown substantially. This behavior is consistent with the stress-migration model where the 
small voids migrate and coalesce into larger voids under thermal stress. 
Figure 3(d) is a SEM micrograph of the upper right quadrant of Figure 3(c) after all of 
the layers on top of the AI (Si) lines were stripped away by chemical etching. The one-to-
one correspondence between the voids nondestructively imaged with thermal waves in 
Figure 3(c) and the post-etch SEM image in Figure 3(d) is evident. 
Another important application for the IC industry involves selective CVD W filing of 
contact holes ("plugs"). For this process, a critical aspect for low-resistance contacts is 
good nucleation of the CVD W at the silicon interface. Chemical contamination from the 
contact hole forming process, for example, can cause loss of contact integrity. The area 
examined in Figure 4 is a region of contact "strings" or short metal line segments at each 
end of which a plug connects to the Si substrate. Figure 4(a) is the optical image of this 
region. Figure 4(b) is a thermal wave image on a wafer with known good contacts. The 
thermal wave image for this wafer shows no apparent defects. In contrast, the thermal 
wave image, Figure 4(c), on the same structure from a different wafer shows a large 
number of bright features, located predominantly at the plug sites at the ends of the contact 
strings. This result correlated with measurement of high resistance or open contact strings 
on this particular wafer. Thus the "defect" features seen in the thermal wave image appear 
to correspond with regions of poor nucleation contact interface between the tungsten plugs 
and the Si substrate. 
CONCLUSIONS 
Thermal wave imaging has been shown to be a sensitive nondestructive method for 
detecting both silicon and metal subsurface defects in IC devices. This technique may 
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(a) (b) 
(c) (d) 
(a) Optical image of a fully processed metalization pattern. No subsurface voids 
are visible; (b) Thermal wave image of same region showing presence of many 
small and a few large voids; (c) Thermal wave image of same region after 12 
hours of thermal stress at 250°C. Note most small voids have migrated and 
coalesced into larger voids; (d) Stripped-back SEM image of area in upper right 
quadrant of (c), showing same voids. 
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(a) (b) (c) 
Fig. 4. Images of selective CVD W plug system. (a) optical image; (b) thennal wave 
image of good contacts; (c) thennal wave image of poor contacts showing 
presence of subsurface defects. 
therefore answer the need for a real-time nondestructive inspection system to address the 
critical issue of subsurface silicon and metal defects in VLSI and ULSI IC devices. 
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